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In this paper, air plasmas spray (APS) was used to prepare YSZ and Sc2O3–YSZ (ScYSZ) coating in order to improve the thermal insulation
ability of TC4 alloy. SiO2 aerogel was also synthesized and afﬁxed on TC4 titanium alloy to inhabit thermal ﬂow. The microstructures, phase
compositions and thermal insulation performance of three coatings were analyzed in detail. The results of thermal diffusivity test by a laser ﬂash
method showed that the thermal diffusivities of YSZ, Sc2O3–YSZ and SiO2 aerogel are 0.553, 0.539 and 0.2097 106 m2/s, respectively. Then,
the thermal insulation performances of three kinds of coating were investigated from 20 1C to 400 1C using high infrared radiation heat ﬂux
technology. The experimental results indicated that the corresponding temperature difference between the top TC4 alloy (400 1C) and the bottom
surface of YSZ is 41.5 1C for 0.6 mm thickness coating. For 1 mm thickness coating, the corresponding temperature difference between the top
TC4 alloys (400 1C) and the bottom surface of YSZ, ScYSZ, SiO2 aerogel three specimens is 54, 54.6 and 208 1C, respectively. The coating
thickness and species were found to inﬂuence the heat insulation ability. In these materials, YSZ and ScYSZ exhibited a little difference for heat
insulation behavior. However, SiO2 aerogel was the best one among them and it can be taken as protection material on TC4 alloys. In outer space,
SiO2 aerogel can meet the need of thermal insulation of TC4 of high-speed aircraft.
& 2015 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Ti–6Al–4V (named as TC4 in China) alloy is the most
widely used titanium alloy and it occupies 80% in titanium
industry due to its high strength, low density, and good
corrosion resistance [1–3]. However, the application of tita-
nium alloys under severe thermal and friction conditions is
severely restricted. Some skins of high-speed aircraft are
composed by TC4 titanium alloys. When an aircraft is ﬂying
from ground to outer space at 4–6 mach high speed, TC4 alloy
is quickly near to its limited serve temperature (400 1C) within
5 min. Simultaneously, the inner space of high-speed aircraft10.1016/j.pnsc.2015.03.006
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nder responsibility of Chinese Materials Research Society.(such as missile) is heated rapidly. As a result, electrical
equipment (their operation temperature is lower 130 1C) in the
interior of high-speed aircraft are interfered and may lost their
normal functions.
In order to solve the problems mentioned above, numerous
surface treatment techniques have been used to improve thermal
insulation properties of titanium alloys, such as physical vapor
deposition (PVD) [4] and chemical vapor deposition (CVD) [5].
It is remarkable that coatings prepared by air plasmas spray
(APS) show lamellar microstructure and exhibit strong thermal
insulation ability [6–9]. Thermal barrier coatings (TBCs)
possess the potential to protect underlying metallic substrate
from hot gas oxidation and corrosion in gas turbines, leading to
signiﬁcant gains in the efﬁciency of engines as well as the
operating lifetime of components. The typical low thermal
conductivity material is yttrium-stabilized zirconia (YSZ), whichElsevier B.V. This is an open access article under the CC BY-NC-ND license
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temperature [10,11].
Silica aerogels are known as unique porous materials with
highly cross-linked network structure having large speciﬁc
surface area, high porosity, low density and very low thermal
conductivity. Due to these prominent properties, silica aerogels
in recent years have been used in various advanced applica-
tions such as thermal insulators, catalysts, sensors, oil absor-
bent and drug delivery systems. Speciﬁcally, lightweight
materials-silica aerogel composite are used in high-speed
aircraft for thermal protection according to our knowledge
because the materials are the best existing thermal insulators
for continuous applications between room temperature and
650 1C [12,13].
With the above background, all of the YSZ, Sc2O3–YSZ
and SiO2 aerogel are adopted in our studies in order to seek
suitable thermal insulation materials on TC4.2. Experimental procedures
2.1. Preparation of APS coatings
The substrates were cut into coupons with a dimension of
100 mm 100 mm 1 mm from a wrought sheet of TC4
titanium alloy with nominal composition (wt%) of Al 5.5–6.8,
V 3.4–4.5, Fer0.3, Cr0.1, Nr0.05, Hr0.015, Or0.2
(Bal, Ti). These coupons were grit-blasted using 250 mm
alumina grit to obtain a roughness average of 4–5 mm sharp-
peaked surface to improve the adherence of the coatings.
The average size of YSZ, Sc2O3 and bond coat (NiCoCrAlY)
particle is 60 mm, 50 mm and 65 mm, respectively. Such as
particle size can be directly sprayed using APS technology.
The thickness of bond coat is 100 mm, and the thickness of
ceramic coat is 0.6 and 1 mm, respectively. Air plasma
spraying parameters for bond and top coat are presented in
Table 1.2.2. Preparation of SiO2 aerogel composite materials
SiO2 ﬁbers and SiO2 micro powder were selected as raw
materials. The weight percent of SiO2 micro powder in the
composites was 20%. The mean size of powders was 8–20 μm.
The diameter of SiO2 ﬁbers was 0.5 μm, and the length of ﬁbers
was cut into 1 mm. The raw materials were mixed together, and
pressed into the dimensions of 100 mm 100 mm 1 mm
Table 1
Plasma spray parameters for bond coating and top coating.
NiCoCrAlY Ceramic coating
Primary gas Ar (L/min) 40 44
Secondary gas H2 (L/min) 7 10
Carrier gas Ar (L/min) 6 9
Gun current (A) 500 560
Gun voltage (V) 63 67
Spray distance (mm) 16 14
Powder feed rate (g/min) 49 41under 2 MPa. The similar procedure of pore structure of silicon
dioxide through sol–gel processing can be found in other
references [14]. And then silica aerogel composite material is
adhesive to TC4 alloy using organic glue.
2.3. Microstructure and phase analysis
The phase structures of three coatings were identiﬁed with a
D/max 2200 pc X-ray diffractometer (Rigaku, Tokyo, Japan).
The microstructures were determined using Quanta-FEG 250
SEM (FEI Company, America). Porosity of the coatings is
estimated by quantitative image analysis (IA) using a picture
analysis system in scanning electron microscopy.
2.4. Thermal diffusivity measurement
The coating was sprayed on the TC4 substrate (without
bond coat) and then it is detached from substrate by water-
quenching after APS. The thermal diffusivities of standalone
YSZ, Sc2O3–YSZ coating and SiO2 aerogel were determined
by the laser ﬂash technique (LFA427, NET-ZSCH). In order to
completely absorb the laser-ﬂash at the sample surface, the
coatings samples were coated with a carbon ﬁlm before
measurement. The thermal diffusivity measurement of the
specimen was carried out three times at each temperature.
2.5. Heat-resistant test
Heat-resistant coating materials mentioned above were
tested by high infrared radiation heat ﬂux, as shown in Fig. 1.
Since the thermal couple directly detects the surface
temperature of the test sample rather than the ambient air
temperature, the applied thermal loading is more accurate and
stable. By adjusting the input electric power, the temperature
of the test sample surface can be accurately controlled within
0.1 1C. Compared with conventional high-temperature furnace,
the transient aero dynamic heating simulation device offers a
capability of rapid heating speed with high accuracy.
Two Pt–Rh thermocouples were used as sensors. One was
located on the surface of TC4 alloys (TC4 alloys surface
temperatures, T0) and the other was sealed on specimen
backsides to monitor coating temperatures (T1). The thermo-
couples were linked to the X–Y function recorders respectively
to record the heating temperature curves (T0 and T1) in the
range of 0–350 s. The temperature of TC4 surface was heated
up to 400 1C in 15 s and then the temperature (T0) kept at
400 1C from 16 s to 400 s. Meanwhile, the temperature of
coating surface was recorded. The value of thermal insulation
capability was calculated using ΔT¼T0T1 when T0 and T1
are stable.
3. Results and discussions
3.1. Microstructure of coatings and silica aerogel
Fig. 2 presents the surface macro morphology for the
investigated three coatings. The colors of Fig. 2(a)–(c) are
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Fig. 1. Schematic diagram of infrared radiant thermal test.
Fig. 2. Morphologies for as-sprayed YSZ, ScYSZ coatings and silica aerogel test samples.
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coatings are reﬂected in a corresponding surface color.
Fig. 3 shows cross-sectional micrographs of the three coating
using Quanta-FEG 250 SEM equipment. The entire coating is
composed of bond coat and ceramic top coat. The thickness of
the bond coat and top coat is about 100 μm and 1 mm for YSZ
and ScYSZ coating, respectively. As shown in Fig. 3(a), theobserved microstructure is typical dense melted area, high volume
pores and splats of APS coatings. The porosity of YSZ and
ScYSZ measured by image analysis (IA) is about 10% and 23%,
respectively, which is higher than conventional YSZ coatings
(9% in Ref [15] 8% in Ref [16]). This characteristic of higher
porosity is beneﬁcial to enhance the phonon scattering and
thereby reducing thermal diffusivity for ceramic coating [17].
Fig. 3. Cross-sectional micrographs of the YSZ, ScYSZ coatings and silica aerogel composites.
L. Jin et al. / Progress in Natural Science: Materials International 25 (2015) 141–146144Fig. 3(c) shows the microstructure of ceramic-ﬁber-
reinforced SiO2 aerogel composite material. It is made by
aerogel matrix and disorderly arranged ﬁbers. The ceramic
reinforcing ﬁbers connect ﬁrmly with the surrounding matrix.
These structure features are popular and can be discovered in
many reports [18].
3.2. Phase structure
Fig. 4 shows the XRD patterns for YSZ and ScYSZ coating.
The YSZ is composed by tetragonal ZrO2 phase. After plasma
spraying, no Sc2O3 was detected, which indicates that Sc2O3
has been dissolved in the YSZ crystal structure because of high
temperature (15000 1C). However the width of the ScYSZ
coating was broadened owing to the dopant Sc2O3. Similar
phenomenon was found in previous investigation [16]. It is
interesting to ﬁnd that SiO2 composition material has different
XRD shape from YSZ. It is obvious that only SiO2 diffraction
peaks was observed in these patterns. The peaks at approxi-
mately 26.71 correspond to SiO2 characteristic peaks. The wide
peak indicates that SiO2 composition is an amorphous phase.
3.3. Thermal diffusivity
Thermal diffusivities are measured using laser-ﬂash and the
result is presented in Fig. 5. Simultaneity, previous investigationsare also shown to compare with our results [19]. It can be observed
that thermal diffusivity of YSZ is 0.553–0.41 106 m2/s,
decreases monotonically with increasing temperature, suggesting
a dominant phonon conduction behavior for ceramic materials
[20].
After Sc2O3 was added into YSZ, the thermal diffusivity
decreased from 0.553 to 0.539 106 m2/s under room
temperature. It may be concluded that the reduced thermal
diffusivity is origin from Sc2O3 dopant (solid solution in YSZ).
The reason is partly related to Sc (0.73 Å), which has a much
difference with Y (0.89 Å) in ions radius, compared to Zr
(0.79 Å) and Y (0.89 Å). The other reason is that Sc3þ
substitution solid solution produce oxygen vacancies (ö). The
Sc atoms and ö aggravate lattice vibration, hinder the
transportation of phonons and restrain thermal transfer. The
detail analysis can refer to our previous discussions [16].
Meanwhile the porosity of ScYSZ (23%) is higher than that of
YSZ (10%). In a word, the doping of Sc2O3 will bring higher
thermal insulation capability than YSZ coating.
When compared with YSZ-based coating, SiO2 aerogel has
lower thermal diffusivity. In the past, many scientists have
given various theoretical models to estimate the effective
thermal conductivity of porous media with different geome-
trical structures, such as Russell, Euckenand Loeb models
based on cylindrical or spherical pore structures. Chen [21]
predicted the effective thermal conductivity of porous media
Fig. 4. X-ray diffraction analyses for YSZ and ScYSZ coating (a) and SiO2 sol–gel (b).
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Fig. 6. Heating temperature curves of outer titanium surface and inter coatings
surface versus time.
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structures for open-cell aerogel super insulator including
intersecting square rods, intersecting cylindrical rods and cubic
array of nano-spherical structure. In this section, we mainly
show the experimental result and the mechanisms of lower
thermal diffusivity will be discussed in next section.3.4. Thermal insulations of three coating materials
Usually, limit service temperature of TC4 is not more than
450 1C. The fact is that fore-and-after distance between TC4
and inboard apparatus is less than 1.1 mm for high-speed
vehicles. As a result, the highest temperature 400 1C and the
largest thickness 1.0 mm are considered here. All of the
specimens were subjected to 30 s heating and then 300 s heat
preservation at invariable temperature of 400 1C.
Fig. 6 displays the recorded heating temperature curves of
TC4 alloys surface (T0) and the coating specimen backside
(T1). It implies that T1 increase with enhancing TC4 alloys
surface temperature T0 under calefaction status. After the
calefaction is stable, ΔT value (T0T1) is 41.5 1C for 0.6 mm
YSZ. Liu et al. found that coating structure with better heat-
insulating effect is obtained at the thickness ratio of bottom
layer, middle layer and surface layer 1:1:3 and the temperature
difference between top YSZ ceramic layer and Cu substrate is77 1C [23]. Taking the condition that there is no difference
between Cu substrate and TC4 substrate, our conclusions are
comparable with their investigations.
The value of ΔT 41.5 1C is not very satisfactory and does
not meet the above-mentioned requirements for high speed
aircraft. Therefore, 1 mm thickness is designed again and the
experimental consequence is analyzed below. For 1 mm
thickness, the SiO2 specimen exhibits a lowest surface
temperature of 192 1C and the corresponding temperature
difference between the top surface and the bottom surface of
TC4 is high up to 208 1C. ΔT values of YSZ, ScYSZ coatings
and SiO2 aerogel are 54, 54.6 and 208 1C, respectively. The
ScYSZ coatings just exhibited slightly higher ΔT value than
the conventional YSZ coatings. The coating materials were
found to have less inﬂuence on the temperature of TC4
backside for YSZ series coating. The thermal insulation test
has the similar disciplinarian as the thermal diffusivity result,
which shows less change for thermal protection. Thermal
insulation ability of SiO2 aerogel composite increased about
56.6% compared with that of the conventional YSZ and
ScYSZ coating in our experiments. The reasons are described
as follows: SiO2 ﬁbers appear to be randomly oriented in
space. The SiO2 aerogel is unsmooth and discrete, which is
uniformly coated on the SiO2 ﬁber. The dimensions of the ﬁber
and substrate particle diameter also inﬂuence the insulating
L. Jin et al. / Progress in Natural Science: Materials International 25 (2015) 141–146146performance signiﬁcantly. Smaller ﬁber diameter and particle
diameter hinder the transportation of phonons and thermal due
to their unique micrometer network and micro-porous struc-
ture, which suppress the gaseous thermal conduction signiﬁ-
cantly. SiO2 aerogel is about 3.25 times the porosity of YSZ
and ScYSZ. Therefore, the thermal insulation property of SiO2
is superior to that of YSZ and ScYSZ. A fundamental
understanding of the thermal insulation behavior and mechan-
ism of the coating under such as heat ﬂux will be extremely
useful to prevent the heat ﬂow from TC4 into the backside
of it.
4. Conclusions
The YSZ and ScYSZ coatings are prepared on the surface of
TC4 alloy using APS technology. The silica aerogel composite
insulation materials are synthesized by silica aerogel and
ceramic ﬁber.
The microstructures, phase compositions and thermal insu-
lation capability of plasma-sprayed YSZ-based coatings (two
types) and SiO2 aerogel are investigated systematically. The
thermal diffusivity of YSZ, ScYSZ and SiO2 aerogel is 0.553,
0.539 and 0.2097 106 m2/s at room temperature, respec-
tively. The thermal insulation ability using high infrared
radiation heat ﬂux indicated that the temperature of thermal
insulation 0.6 mm-YSZ, 1 mm-YSZ, 1 mm-ScYSZ and 1 mm-
SiO2 aerogel is 41.5, 54, 54.6, 208 1C when the surface of TC4
is heated from 25 1C to 400 1C within 5 min. The 1 mm-SiO2
aerogel on TC4 can protect the equipment in high speed
aircraft very well.
Acknowledgments
The authors would like to thank Science and Technology on
Power Beam Process Laboratory for the ﬁnancial supports
(KZ011104). We would also like to thank Processor DafangWu for thermal insulation test, Yonggang Jiang for SiO2
aerogel preparation.
References
[1] R.R. Boyer, Mater. Sci. Eng. A. 213 (1996) 103–114.
[2] K.L. Wand, S.Q. Lu, M.W. Fu, et al., Mater. Charact. 60 (2009)
492–498.
[3] Q.Y. Wang, Z.M. Ge, Y.B. Zhou, Titanium Alloys in Aeronautical Applica-
tion [M], Shanghai Science Press, Shanghai, 1985, pp. 68–69 (in Chinese).
[4] S. Ashley, Mech. Eng. 12 (1995) 62–68.
[5] B. Tryon, F. Cao, K.S. Murphy, et al., JOM 58 (1) (2006) 53–59.
[6] J. Karthikeyan, C.C. Berndt, T. Tikkanen, et al., Mater. Sci. Eng. A 238
(2) (1997) 275–286.
[7] S. Beauvais, V. Guipont, F. Borit, et al., Surf. Coat. Technol. 183 (2–3)
(2004) 204–211.
[8] T. Cosack, L. Pawlowski, S. Schneiderbanger, et al., J. Eng. Gas.
Turbines Power 116 (l) (1994) 272–276.
[9] S.M. Meier, D.K. Gupta, K.D. Shefﬂer, et al., Trans. ASME J. Eng. Gas.
Turbines Power 116 (1994) 250–257.
[10] U. Schulz, K. Fritscher, C. Leyens, et al., Mater. Sci. Eng. Technol. 28
(8) (1997) 370–376.
[11] X.Q. Cao, R. Vassen, D. Stoever, J. Eur. Ceram. Soc. 24 (1) (2004) 1–10.
[12] B. Yuan, S.Q. Ding, D.D. Wang, et al., Mater. Lett. 75 (12) (2012)
204–206.
[13] S. Kim, J. Seo, J. Cha, et al., Constr. Build. Mater. 40 (2013) 501–505.
[14] D.Q. Shi, Y.T. Sun, J. Feng, et al., Mater. Sci. Eng. A 585 (2013) 25–31.
[15] B. Liang, C.X. Ding, Surf. Coat. Technol. 197 (2005) 185–192.
[16] L. Jin, Q.H. Yu, L.Y. Ni, et al., J. Therm. Spray Technol. 21 (2012)
928–934.
[17] X. Qiang, P. Wei, W.J. Dong, et al., Mater. Lett. 59 (2005) 2804–2807.
[18] X.F. Zhou, H.N. Xiao, J. Feng, et al., Chem. Eng. Res. Des. 88 (2010)
1013–1017.
[19] Q.H. Yu, A. Rauf, C.G. Zhou, J. Therm. Spray Technol. 19 (6) (2010)
1294–1300.
[20] T.G. Xi, Thermal Physics of Inorganic Material [M], Shanghai, Shanghai
Science Technology Press, 1981, pp. 71–82 (in Chinese).
[21] Z.Q. Chen, P. Cheng, C.T. Hsu, Int. Commun. Heat Mass Transf. 27 (5)
(2000) 601–610.
[22] S.Q. Zeng, A. Hunt, R. Greif, ASME J. Heat Transf. 117 (4) (1995)
1055–1058.
[23] C. Liu, W. Wang, J. Peng, Tactical Missile Technol. 2 (2014)
57–60 in Chinese.
